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ABSTRACT
The legacy of U mining activities in New Mexico has resulted in a number of abandoned
mine sites that have not been adequately managed or remediated. An investigation of the
chemical interactions and mobility of uranium (U) near abandoned mine wastes was performed
at a site located in Laguna Pueblo, New Mexico. Elevated U concentrations (ranging from 65 to
710 µg/L) were observed in surface water below an abandoned uranium mine. These U
concentrations significantly decrease (ranging from 5.4 to 6.4 µg/L) downstream at a reservoir
five kilometers below the mine. Our water data suggest that U forms aqueous complexes with
carbonate and calcium which could contribute to U mobility. Although U concentrations in
stream water are high, acid digestions and X-Ray Fluorescence bulk analysis suggest that there is
limited accumulation in stream bed and bank sediments. Additionally, it was found that the
roots of Salt Cedar plants downstream of the mine uptake uranium and could contribute to the
decrease of U concentrations downstream. This study contributes to an understanding the
mobility of uranium in surface water and accumulation in sediments close to the mine waste.
This information is essential to determine human health implications resulting from exposure to
these metals in neighboring communities.
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INTRODUCTION
Mining of uranium ores through surface and below ground methods has produced a
significant amount of waste material. The history of uranium mining in the United States dates
to the 1940s with production geared towards supporting weapons and nuclear fuel products
(USEPA, 2013; McLemore, 1983; Maher et al., 2013). Of the 15,000 mine site locations across
the country, most conventional uranium mines are located on federal and tribal lands, including
the Jackpile Mine located in Laguna Pueblo, New Mexico. The Jackpile Mine was once the
world’s largest open pit uranium mine and was operated for over 30 years near the Laguna
Pueblo village of Paguate in New Mexico (McLemore, 1983).
A typical problem arising from abandoned mines is the release of uranium and other cooccurring metals into surface and ground waters. Long term human health (U.S. HHS, 2013;
Taylor and Taylor, 1997; Domingo, 2001) and environmental impacts associated with fishing,
hunting, farming and living near this site are of particular concern to many Pueblo residents. The
Jackpile Mine is located 1000 meters down gradient from the Village of Paguate (US DOI,
1986). Prolonged exposure to moderate or high levels of uranium such as those existing in oregrade deposits can be harmful to plants, wildlife and human populations (Taylor and Taylor,
1997).
Purpose and Scope
Little attention has been paid to less densely populated areas, such as Laguna, affected by
historic uranium mining. A critical analysis of the environmental factors contributing to the
migration of uranium and other impacts on natural resources near tribal lands from mining
practices is needed.
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The overall objective of this study is to investigate the chemical interactions and mobility
of uranium near abandoned mine wastes from a site located in Laguna Pueblo, New Mexico.
This project seeks to address the following specific research objectives:
1. Investigate how the characteristics of sediments and surface waters near the Jackpile
Mine in the Rio Paguate and Paguate Reservoir affect uranium mobility.
2. Evaluate the relationship between uranium in the surface water and U partitioning on
stream bed sediments.
3. Identify the physical, chemical, and biological processes that may help to explain why
the uranium concentrations decrease downstream of the Jackpile Mine into the Paguate
Reservoir. The goal is to identify the role of geochemical interactions, sediments, and
plants in the mobility and accumulation of uranium.
Health Effects from Uranium Exposure
Uranium exposure can cause negative human health effects due to ingestion and
inhalation. Developmental, reproductive and renal complications are the primary concerns for
communities affected by the legacy of uranium mining (Brugge et al., 2005; Kurttio et al., 2002).
Contamination of drinking water, exposure to contaminated soil and animals, and airborne
uranium are major pathways of U uptake (Bleise et al., 2003). Once U is absorbed into the
blood, body tissues and organs can retain the metal and soluble complexes can be formed in the
body (Cooper et al., 1982). Cancer and respiratory diseases associated with U exposure have
been investigated with U in several epidemiological and clinical studies (U.S. HHS, 2013;
Clayton and Clayton, 1981; Bleise et al., 2003). Better understanding the behavior of U in the
environment may aid in determining human health effects since the toxicity of U can vary based
on the route of exposure and the element’s chemical form. Uranium can be found in trace
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amounts in many foods and drinking water. This research focuses on examining uranium in
stream water, soil and plants in the study area.
Uranium Mining Legacy
The legacy of uranium is widespread and the Jackpile Mine represents extraction
practices during a time in which there was limited regulation for the management and operation
of these mines. Surface waters of the Rio Paguate, a perennial stream, and its Rio Moquino
tributary, flow through areas affected by legacy mining of the Jackpile and Paguate open pits
(Figure 1). As a result, Rio Paguate has historic and current uranium contamination resulting
from mining activity and incomplete remediation initiatives (US EPA, 2013) suggest that there is
a need to examine waste characteristics in this system.
Concentrations of uranium and other heavy metals can be released into the environment
during mining activity and at waste dumps and pits. Uranium, arsenic, chromium and vanadium
are some of the metals contained in contaminated abandoned mine waste sites (Eby, 2004;
Maher et al., 2012; Cidu et al., 2011).
Uranium deposits in New Mexico were first commercially considered for exploration in
the early 1900s and it was not until World War II that they became of significant economic
interest again (McLemore, 1983). More than 200 mines were operated in New Mexico from the
1940s to the 1980s and most of the production in the state came from the areas in Cibola,
Valencia and McKinley Counties.
The Jackpile Mine produced 7.2 million tons of ore and is located near the Laguna
Pueblo Village of Paguate, about 40 miles west of Albuquerque, New Mexico. Jackpile Mine
was discovered in 1951 and became a significant conventional mine site in the state (McLemore,
1983). The conventional extraction process of uranium ore involves removing it from open
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surface pits or from underground shafts. The ore is milled, ground, and then the ore is classified
to produce particles uniform in size (US EPA, 2003). Mining operations in Laguna were
conducted over an area of approximately 7,868 acres and materials were transported 40 miles
offsite to Bluewater Mill for processing (US DOI, 1986). The mine was operated by Anaconda
Minerals Company from the early 1950s into the early 1980s (McLemore, 1983; US EPA, 2013).
Surface disturbance from mining operation includes 2,656 acres moved by Anaconda
Minerals Company, which operated three open pits that included Jackpile Pit, North Paguate Pit
and South Paguate Pit. The maximum depth of these open pits ranged from 200 feet at North
Paguate to 625 feet deep at Jackpile Pit (US DOI, 1986). The pits have since been backfilled
with over 101 million tons of ore-associated waste.
Reclamation practices to date have primarily been limited to contouring and covering
mine waste with soil. To date, $43 million has been paid by Anaconda Minerals Company for
reclamation after an agreement was reached between the company, Bureau of Land Management
and Bureau of Indian Affairs (NROD, 1986) In addition, a post reclamation compliance
assessment report in September 2007 concluded that reclamation of the mine was still not
complete (US EPA, 2013).
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Figure 1. Site map of the Jackpile uranium mine near the Rio Paguate and Rio Moquino at the
Laguna Pueblo Village of Paguate, New Mexico (Map Layout by Cherie De Vore, 2015).

Geologic Setting
The regional geology of the study area is comprised of a number of formations deposited
along the Grants Mineral Belt, which is located in the NW corner of the state of New Mexico.
Uranium has been extensively explored in the San Juan Basin, an area considered the largest
source of uranium production in the United States (Chenoweth, 1977). The majority of
production was from the Grants Mineral Belt, which includes the Laguna area. The southern end
of the San Juan basin holds several different uranium bearing rock types of Mesozoic age. The
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Jurassic Todilto Limestone with uranium containing ore has been mined in the basin as well as
terrestrial deposits such as parts of the Morrison Formation (Chenoweth, 1977).
Uranium deposits are present in Jurassic and Cretaceous strata in the Grants-Laguna
District. Jurassic Strata along the highway in Laguna Pueblo are exposed and rapidly change in
character throughout the region. Four geologic units comprise the Jurassic Morrison Formation
and they include the Recapture, Westwater Canyon, Brushy Basin members, as well as the
Jackpile Formation, which contains uranium bearing ore. Because of its economic importance,
the Jackpile sandstone became an informal unit of the Morrison Formation (Maxwell, 1982).
The Jackpile sandstone is roughly 13 miles wide and 35 miles long and exists as a sag in the
Brushy Basin member up to 220 feet thick. Highly feldspathic in nature, the Jackpile member
was derived from granitic, volcanic, sedimentary and possibly metamorphic rocks (Nash, 1958).
Hydrologic conditions
Streamflow data are available from U.S. Geological Survey from a site below the
Jackpile Mine for the years 1976 to 1993 (USGS, 2015). In general, the Rio Paguate average
hovers well below 5 cubic feet per second, with some maximums occurring in the years 1989
and 1993 (Figure 2). Current flow data are unavailable. In addition, flow data were collected in
a Bureau of Reclamation report from 1937 to 1941 and from 1976 to 1980 at the southern
Boundary of the Jackpile Mine with a reported mean daily discharge of 1.71 cubic feet per
second (Zehner, 1985). This value is a reflection of a 1941 peak discharge event, a record at that
time for the Laguna Pueblo. The mean for the water years 1977 to 1980 was 1.19 cubic feet per
second. Historically, about 60 percent of the annual precipitation in the region occurred from
May through September and can be quite variable. The greatest precipitation occurs during July,
August and September.
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Figure 2. Average Monthly Discharge of the Rio Paguate taken Below Jackpile Mine for 19761993 (Source: USGS).
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Figure 3. Concentrations of U measured between 1986 and 1993 at Rio Paguate below the
Jackpile Mine near Laguna, NM (Source: USGS Field Parameter Data 2015).
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USGS data also includes field and laboratory parameters from the years 1986 to 1993.
Figure 3 illustrates the uranium concentration in micrograms per liter in the Rio Paguate south
of the Jackpile Mine. Most of the points, which were obtained after mining ceased in 1983,
resulted in concentrations at and above 100 ug/l.
Uranium Chemistry
The most common oxidation states of uranium are U(VI)and U(IV) (Burns and Finch,
1999). The hexavalent form of U could be soluble and mobile in the environment under surface
oxidizing conditions as a uranyl ion (UO22+), or could be found in solid U(VI)-bearing minerals.
The tetravalent form of U, U(IV), has relatively low solubility and under its reducing conditions,
U(IV) is commonly available as the mineral oxide uraninite (UO2) (Murphy and Shock; Burns
and Finch, 1999). Figure 4 summarizes the redox chemistry speciation for U, the solid phases
being represented by uraninite (UO2) and coffinite (USiO4).

Figure 4. Eh pH Diagram for aqueous and solid species in the U-O2-CO2-H2O system at
standard state (Langmuir, 1997).
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A variety of environmental and geochemical processes control the speciation of aqueous
uranium. Uranium and other metal species can occur in water as free ions or as complexes (US
EPA, 2008). Uranium complexes consist of U atoms bound to other molecules or ions that serve
as ligands (Dong and Brooks, 2008; US EPA 2007). Complexation of U(VI) by carbonate ions
can occur at pH values higher than 6 (Eby, 2004). Recent studies have reported the formation of
ternary aqueous complexes of uranium with alkaline earth metals (e.g., Ca and Mg) and
carbonate (Dong and Brooks, 2006; 2008). Complexes of U with carbonate affect the solubility
of uranium minerals in the environment. They can also help to facilitate oxidation of U(IV) and
limit the extent of uranium adsorption in solids in oxidized waters, thereby increasing U mobility
(Ulrich et. al, 2009; Langmuir, 1997).
Solid U(VI) uranyl minerals are significant for understanding U deposits and mineral
structures. Rock-water interactions involving uranyl minerals influence the mobility of uranium
in areas where metals are abundant (Burns 2005). Some important ore grade U(VI) minerals
include schoepite [(UO2)8O2(OH)12·10(H2O)], carnotite [K2(UO2)2(VO4)2*1-3H2O] and
Torbernite [Cu(UO2)2(PO4)2*8-12H2O] (Burns 2005; Langmuir 1997).
Uranium speciation is influenced by precipitation, dissolution, complexation and sorption
reactions (Ervanne, 2004). The redox conditions, pH, sediment characteristics and ionic strength
of solution are relevant factors that influence uranium speciation and reactivity (Eby, 2004).
Adsorption onto mineral surfaces as well as the precipitation of secondary U-bearing mineral
phases can significantly influence the fate of U.
Previous Studies
Gorospe (2013) conducted environmental sampling of the Paguate Stream and Rio San
Jose between the years 2009 and 2011. Similar to this study, sediment and plant samples were
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collected in addition to surface water samples. The study aimed to investigate the mobility of
uranium near the Jackpile Mine. The study area included reaches of the Rio Paguate above the
Jackpile Mine and reaches of the Rio San Jose, below the Paguate Reservoir. Ninety six plant
species, 46 soil samples and 6 water samples were used to characterize uranium contamination in
the Rio San Jose watershed close to the Jackpile Mine, which are useful for comparison to this
study.
Using the map layout in the Gorospe thesis, the approximate locations of RPG03 and
RPG04 are determined to be near the Jackpile Mine Exit and Paguate Reservoir, respectively.
These data points coincide with our study’s data points (Site 1 and Site 10). Aqueous chemistry
is available for very few sites and dates, with a maximum value of U concentration of 460 ug/L.
Sediment U ranged from 0.32 mg/kg at a site on the Rio San Jose to a maximum of 31.44 mg/kg
at the Paguate Reservoir. Finally, various plants including salt cedar and cattails were
characterized by U concentrations mostly below detection limit, with the exception of one grass
sample of 23.62 mg/kg.
METHODS
Field sampling trips were conducted on September 17 and November 13, 2014, and
February 23, and March 11, 2015. A permit for access to Laguna Pueblo lands, Jackpile Mine
and the Rio Paguate was granted by the Pueblo of Laguna governor for this research. Sampling
and site selection occurred under the supervision of Laguna Pueblo Environment and Natural
Resources Department (ENRD) personnel. Access to sites via ENRD vehicles was made possible
with the assistance of Environmental Field Technicians
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Site Selection
This study was conducted at various sites along the Rio Paguate watershed. The Rio
Paguate is a perennial stream that flows from its headwaters in the Mount Taylor area into the
larger Rio San Jose. Located approximately 40 miles west of Albuquerque, New Mexico, the
Rio Paguate watershed area is 371 square km and is part of the larger Rio San Jose Watershed in
Cibola County (US DOI, 1986).
Samples of water, sediment and plants were collected from areas adjacent to the Jackpile
Mine in 2014 and 2015. A summary of all sampling events and dates are summarized in Table
1. A preliminary water sample was collected at one site next to the Jackpile Mine in September
2014. Another field visit was conducted in November 2014 and 11 sampling locations included
stops along the Rio Paguate upstream of the Rio Paguate/Rio Moquino confluence, below the
Jackpile Mine and at Paguate Reservoir. Eleven stream water samples and 22 co-located
sediment samples were collected, including 11 from the stream bed and 11 from the stream bank.
Five kilometers of stream between the Jackpile Mine and Paguate Reservoir were left
uncharacterized so another sampling trip took place in February 2015 to fill in the existing data
gap and capture changes in site characterization by changes in season. Ten sites were selected in
February with ten water samples, 10 stream bed sediment samples and 14 plant samples. In
addition, sediment was collected from the rhizosphere of selected plants. Selected plants
included saltcedar (Tamarix ramosissima), a type of large grass (Sporobolus airoides), cattail
(Typha latifolia), horseweed (Conyza canadensis) and common cocklebur (Xanthium
Strumarium).
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3/11/2015 2/23/2015 11/13/2014 9/17/2014 Desc.

Site ID

-6
B
G

-5
B
G

-4
B
G

-3
B
G

-2
B
G

-1
B
G

0

1

B
G

Jackpile
above
bridge

2

3

Below
Bridge

Below
mine

W, S

W, S

W, S

W, S,
P, GW

W, S,
P

W, S,
P

4

5

6

Below
mine

Near
cotton
woods

Near
cotton
woods

7

8

9

10

Graze
area

Above
wetlan
d

Wetland
above
reservoir

Paguate
Reservoir

W, S

W, S

W, S, P

W, S, P

W

W,
S

W,
S

W,
S

W,
S

W,
S

W,
S

W

W, S,
P

W

***
W-Water
S-Sediment
P-Plant
GW-Groundwater
BG-Background
Table 1. Summary of Sample Dates, Site Descriptions and Samples Collected.
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P

Field Methods
Water samples were collected along with stream bank and bed sediment samples. At
each location, samples of 500 mL stream water were collected from the middle of the stream and
sealed with zero head space in a clean polypropylene bottle. GPS coordinates, specific
conductance, field pH, temperature, and dissolved oxygen were measured and recorded
immediately after collection using calibrated field instruments (Thermo Scientific Orion Star
A329 ph/temp/conductivity Probe). Water samples were transported back to UNM Analytical
Chemistry laboratory in an ice chest for further analyses. Stream bed sediments were collected
using a trowel and stored in a gallon freezer bag. For November samples, stream bank sediments
were also collected at the same site locations along the transect of the stream.
February’s field visit included the collection of various plants along the stream banks of
co-located stream locations. Various plants that appeared abundant and accessible at each site
were chosen for collection. The plants were extracted from the ground, including roots and
adjacent sediments. Plants were placed in a brown paper bag, which was then placed in a gallon
freezer bag and labeled according to site description. At site 1 for example, both Tamarix and
alkaline sacoton grass were abundant, so both types of plants were collected. As vegetation
changed downstream, the types of plants collected were also different.
Analytical Methods
Sediment samples were digested using Aqua Regia (2 mL Nitric acid (HNO3) and 6 mL
Hydrochloric acid (HCl)). Sediment types included sand and silt material however sieves were
not utilized to separate the samples by grain size. X-Ray Fluorescence analyses were conducted
for September and November sediment samples in the Analytical Geochemistry Laboratory of
the Department of Earth and Planetary Sciences at UNM using a Rigaku ZSX Primus II.
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Samples were dried, pulverized, weighed to 9 grams and combined with 1 gram binder to make
pressed pellets for analysis. The elemental composition of water samples, acid digested
sediments and plants was analyzed using a PerkinElmer Optima 5300DV Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES). Inductively coupled plasma mass
spectrometry (ICP-MS) analysis was also conducted for trace elemental concentrations using a
PerkinElmer NexION 300D (Dynamic Reaction Cell). Water samples were also analyzed for
Total Organic Carbon (TOC).
Plant Sample Preparation and Analyses
Plant samples were cleaned and prepped for analysis in the Analytical Geochemistry
Laboratory of the Department of Earth and Planetary Sciences at UNM. Plant samples were
placed in a pre-cleaned clear plastic container. Loose sediment and mud attached to the roots
were shaken off into the paper bag-containing gallon storage bag for later use. Each plant was
carefully separated into its roots, stems and leaves, if applicable. Plant parts were rinsed and
triple washed with 18 megohm water. Samples were air dried overnight and then dried in an
oven at 65° C for 3 hours until thoroughly dry. Dried samples were pulverized using a coffee
grinder (Chemical Rubber Grinder) which was carefully cleaned between each sample type.
Pulverized samples were digested using 10 mL Nitric acid, then filtered and diluted with
deionized water to 25 mL.
Water Discharge and Other Physical Characteristics
A March 2015 field event included the collection of water samples and flow was
measured at areas above and below the Jackpile in order to capture any inputs into the Rio
Paguate. Discharge (Q) is calculated by first measuring the width of the channel (w) then
dividing the stream up into subsections based on the stream width measurement. The area (A) is
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calculated for each rectangular subsection by multiplying the depth (d) by the width (w). Flow
velocity (v) is measured at these increments in the field, then this value is multiplied by its
respective subsection areas (A). The discharge is the sum of each of the areas times the velocity
(Figure 5). Calculated discharge values in March 2015 ranged from 1.312 to 1.488 cfs. Rio
Paguate has mean daily discharge of 1.71 cubic feet per second for the 1938 to 1941 water years
(Zehner 1985) and this is close to this study’s calculated discharge in March.

Figure 5. Total discharge calculation by subsection and velocity (Source: USGS The Discharge
Measurement, 2014).
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RESULTS
This section presents the results of aqueous chemistry, soil and plant analyses. The U.S.
Geological Survey historic data for field parameters and metals from the years 1975 to 1983 at a
gaging station on the Rio Paguate just below Jackpile Mine will be used as a reference for
comparison to the results from this study. Although no recent records exist from USGS, these
historical data represent a decade of background information. Additionally, a previous study by
M. Gorospe (2013) which resulted in a Master’s thesis provides water, plant and soil data for
2009-2011 which serve as a reference for the results presented in this professional project.
Water samples from the river were taken upstream of the Jackpile Mine during the
September 2014 field visit, with a uranium concentration of 7.14 ug/L. Five kilometers
downstream, another sample was taken adjacent to the Jackpile mine with a uranium
concentration of 711 ug/L. The chemical parameters and analysis of water-sediment samples
from the Paguate Stream and Reservoir that were completed for November 2014 and February
2015 sampling events are presented in subsequent sections. Plants were collected only for the
month of February. In addition, discharge and water quality were characterized in March 2015
at four of the 10 sites from February.
Water Quality
Uranium concentrations in samples from the November 2014 sampling campaign (Sites
1,2,3) just below Jackpile Mine show elevated values that range between 123-131 ug/L. The
values decrease to 7.97 ug/L downstream into the wetland and reservoir areas (Sites 10 and 11).
The concentrations of U at sites -6 to -1, above the mine, are below 1 ug/L and represent
background levels of uranium along the stream (Figure 6).
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The specific conductance values ranged from 150 to 2400 µS, with the highest values
occurring near the Jackpile mine, indicating the input of ions from the mine. The pH values for
water samples collected in this study range from 6.26 to 8.33 and increase near the mine. In
general, higher concentrations of metals, Cl-, and SO42- were observed below the PaguateMoquino confluence compared to background levels upstream along Rio Paguate (Figure 6).
Major ion chemistry of the stream water in November 2014, compared to February and March
2015 is illustrated in Figure 7.

N

Figure 6. November 2014 Uranium Concentrations (ug/L) and Sample Sites, Rio Paguate. Map
layout by Cherie De Vore.
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a)

b)

c)

Figure 7. Piper Diagrams a) November 2014 b) February 2015 and c) March 2015.
Piper diagrams or trilinear plots are useful for visually representing the chemistry of
rocks, soils or water. The trilinear plots utilize two triangles to represent major cations (Na2+,
Ca2+, Mg, K) and anions (SO42-, Cl-, HCO3-+CO32-). The combined data are represented in the
middle diamond plot (Zaporozec, 1972). In addition to Piper diagrams, Stiff Diagrams are useful
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for displaying changes in water composition and total ionic content. The size of the diagram is
proporpotional to the total concentration (Zaporozec, 1972).
The hydrochemical facies of the Rio Paguate is characterized by high dissolved solids
and an abundance of Ca-SO4 type waters, typical of mine drainage, with increasing TDS
concentrations along the stream from the mine into the Paguate Reservoir. The spatial and
temporal changes in chemical composition of Rio Paguate waters are illustrated in three piper
diagrams for the months of November, February and March (Figure 7). Waters in November
2014 (a) have distinct major ion characteristics based on upstream and downstream locations of
the Jackpile Mine. Upstream of the Jackpile Mine (circular, dark blue) TDS values are in the
range of 400-500 mg/L and are primarly dominated by carbonante and calcium. Waters
downstream increase in TDS and become more dominated by sulfate and calcium.
February water samples differ from November samples as more Ca-HCO3 -type waters.
These characteristics observed in February 2015 could be due to a variety of geochemical
processes and seasonal events. Sulfate values in the downstream reaches of the Rio Paguate
decrease significantly compared to November samples. Finally, March 2015 aqueous chemistry
is also highly sulfate dominated and TDS values peak well above 1000 mg/L.
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a)

b)

c)

-6

-

Wetland area

Paguate Reservoir

Figure 8. Stiff Diagrams and Ion Composition (a) November (b) February and (c ) March.
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The ion chemistry represented in November stiff diagrams labeled -6 to -2 are similar in
shape and magnitude (up to 2 meq/L). The change in ion composition from Sample -2 to Sample
1 happens as the site location changes from above the Rio Moquino/Rio Paguate Confluence to
the Rio Paguate near the Jackpile Mine. The ion chemistry of sites 1, 2 and 3 are also very
similar and are located just downstream of the Jackpile Mine. Sites 9 and 10 represent samples
taken at the wetland and reservoir. These waters similarly increase in calcium and sulfate.
Differences in chemical composition in February 2015 represented by stiff diagrams are
observed for site location and total ionic content. Ion composition is highly variable along the
stream. Bicarbonate is much more pronounced (wider) in the diagrams and sulfate is less
available, compared to November. March waters are dominated by magnesium and the
increased presence of sulfate is observed (Figure 8). The classification of water types is useful
for explaining possible chemical interactions with uranium and other heavy metals.
Site
ID

Sept.
2014

Nov.
2014

Feb.
2015

15Feb
HZ

Mar.
2015

-6
0.78
-5
0.80
-4
0.92
-3
0.40
-2
0.65
-1
7.97
0
7.28
1
711 131 35.3 38.6 68.8
2
35.9
3
128 38.6
4
123 39.7
5
39.8
83.1
6
39.0
7
36.9 39.3 72.1
8
36.6
9
5.77 27.0
10
6.40 5.46
Table 2. Summary of Uranium Concentrations (ug/L) in Rio Paguate samples.
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Uranium concentrations in the Rio Paguate generally decrease with stream distance from
the Jackpile Mine. Table 2 represents uranium data in waters from all samples collected from
September 2014 through March 2015, including two samples taken from the hyporheic zone in
February. Stream U concentrations are highly variable with a range of 35.3 ug/L in February to
711 ug/L in September. Precipitation, seasonality and other inputs into the stream may account
for the wide range of values in the system.
Uranium Species-Geochemical Modeling
Calculating uranium species was conducted using Geochemical Software Phreeqc
Version 3 from USGS. The chemical analyses require an input of water quality data and provide
total concentrations of elements in solution. An aqueous model within the software is used to
provide the activities of each aqueous species. The data can then be used to calculate saturation
indices, which are useful to evaluate precipitation and other relevant reactions.
Water data and geochemical modeling of uranium species suggest that uranium forms
aqueous complexes with carbonate and calcium which could contribute to uranium mobility. Rio
Paguate waters in this study’s dataset have pH values that range between 6.26 and 8.76.
Alkalinity ranged from 54 to 337 mg/L as HCO3. Changing the pH values within the model at
any of the sampling sites, all other conditions the same, had limited effect on uranium
concentration and speciation due to precipitation. Chemical equilibrium simulations suggest that
negatively charged uranyl carbonate aqueous complexes [UO2(CO3)34- and UO2(CO3)22-] were
predominant at this pH range (Table 3). However, uranium is highly reactive and may combine
with many elements to form a number of aqueous complexes. For example, stable complexes
are formed with phosphate and carbonate at pH values near 7 (Zavodska, et al, 2008).
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Uranium
U(4)
U(5)
U(6)

Species

Molality

2.47E-18
3.295E-09
UO2(CO3)3-4
2.94E-09
UO2(CO3)2-2
2.96E-10
UO2(OH)2
4.33E-11
UO2(OH)31.23E-11
UO2CO3
1.28E-12
(UO2)2CO3(OH)31.29E-14
Table 3. Output of Uranium Species in Geochemical Modeling.

Sediment Characteristics
No uranium was initially detected in stream bed and bank sediment samples with XRF
analyses. However, a variety of elements were detected as presented in Figure 9. Sediments at
Site 1, adjacent to Jackpile Mine contain Silica, Calcium, Iron and Aluminum (Figure 9).
Sediments collected were physically heterogeneous. The sediments ranged from sand and silt
material and were not sieved before analyses.
a. Ba,
Sr, 0.13

b.

Na, 0.84

0.13

Sr, 0.03

Mg, 1.01

Mn, 0.17
Fe, 10.61

Fe,
3.05
S, 0.16

Ti,
1.5
1

P,
0.0
8

Ca, 11.34

Mg, 0.54

Ti, 0.34

Al, 6.64

Cr, 0.09

Na, 0.30

Al, 3.78

Ca, 4.21
K, 2.45

Si, 22.95
Si, 30.01

K, 2.34

P, 0.28

Figure 9. November elemental Bulk composition of stream bed and bank sediments at Site 7
Near Jackpile Mine: (a) Stream bed and (b) stream bank.
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Rio Paguate stream bed sediment U concentrations, determined using ICP-MS, were
higher than those found along the banks of the stream. Acid digestion of sediment samples and
analyses of extracts using ICP-MS was performed on all sediment samples following XRF to
further characterize elemental composition of sediments in the stream bed and banks. Results
are presented in Table 4. Relatively low concentrations of U were detected in bank and bed
sediments adjacent to the Jackpile mine. The highest U concentrations in November occur in the
bed material with a maximum of 2.18 mg/kg at Site 1, next to the Jackpile Mine. The maximum
U concentration in the bank is 1.54 mg/kg at Site 2, downstream of the mine. However, even
adjacent to the Jackpile Mine, bed and bank sediment U concentrations are less than 2.5 mg/kg in
November (Table 4).
February stream bed U concentrations are present at a higher magnitude than those
collected in the month of November. A maximum U streambed concentration of 20.19 mg/kg
occurs at Site 9, which is a wetland area located just above Paguate Reservoir. Sediment
samples were also collected from the area located directly below plants collected for this study.
The U concentrations for sediment below these plants, including Tamarix and alkaline sacoton
grass,, were below 4 mg/kg. Stream bank samples were not collected in February.
Other major elements in the sediment including Aluminum (Al), Iron (Fe) and Potassium
(K) experience their lowest concentrations at a site relatively close to the mine (Site 3). These
elemental concentrations are summarized in the below figure for February (Figure 10). Iron is
abundant at values well over 20,000 mg/kg next to the mine, yet increase again just above the
wetland reservoir (Site 7).

Page 28

Site
bed
-6
-5
-4
-3
-2
-1
1
2
3
4
5
6
7
8
9
10

Feb. 2015
Below
Below
G
SC

2.74
3.80
2.38
5.18
2.83
3.92
4.52
3.70
20.19
7.30

1.47
2.047
3.114
3.683
3.809
2.554

3.95

Nov. 2014
Bed
0.259
0.292
1.884
0.454
0.314
0.404
2.182
1.413
0.670

bank
0.247
0.205
0.227
0.452
0.204
0.394
0.830
1.547
0.693

2.033
1.860

1.357
1.230

2.63

Table 4. Summary of U concentration (ug/L) in sediment by type, site and date.
Al (mg/kg)
K (mg/kg)
Fe (mg/kg)

20000

Concentration (mg/kg)
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February Sites

Figure 10. Al, K and Fe concentrations (mg/kg) in Sediment along the Rio Paguate by Site ID.
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Table 5. Summary of U accumulation in plants collected in Feb 2015.
Accumulation of Uranium in Plants
A variety of plants were collected in February at sites located close to where stream water
was sampled. A total of 13 plant samples included salt cedar (Tamarix ramosissima), a type of
large grass (Sporobolus airoides), cattail (Typha latifolia), horseweed (Conyza canadensis) and
common cocklebur (Xanthium strumarium). No background plants were collected above the
mine. Salt cedars were available at areas near the Jackpile Mine (Sites 1, 3, 4) and above the
wetland area (Site 6). Various grasses were collected from the mine down into the reservoir.
Table 5 summarizes the U accumulation of each plant by its root, stem and leaf in mg/kg. The
stream bed soil data is also available for comparison.
Tamarix (salt cedar) roots accumulate the most uranium with a maximum concentration
of 55.93 mg/kg at Site 1, next to the Jackpile Mine. The U concentration in salt cedar trees range
from 1.42 in the stem to 55.93 mg/kg in the root. Grasses range from 2.61 to 21.32 mg/kg. The
leaf of a salt cedar at Site 6 is also notable (14.76 mg/kg), considering the stream bed sediment U
concentration is 3.92 mg/kg at this site. Similarly, the roots of grasses have higher U
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accumulation compared to the stems. A horseweed at the reservoir (Site 10) displays the same
high trend in the root of the plant, compared to the stem.
The concentration of stream bed U does not clearly correlate with any of the plant U, in
either the stems or roots of the plants. Though both a grass and salt cedar plant were collected
from Site 1, both plants accumulate U in roots and stems at different quantities. The highest grass
U concentrations are located at the wetland areas and Paguate Reservoir, which also has the
highest sediment U concentrations.
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Uranium concentration (mg/kg)
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55.93
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40
30
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root
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Leaves

Uranium concentration (mg/kg)

25
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5
0
F1

F5
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F8

F9

F10

root

b)
Figure 11. U concentrations in plant parts of a) Salt Cedar and b) alkaline saoton grass at Sites
along the Rio Paguate in the Month of February.

Page 32

DISCUSSION
Previous studies are useful for helping to identify factors that need to be addressed to
foster research linkages, compare datasets and serve as a foundation to further evaluate U
mobility in this study area. Gorospe aqueous U concentrations are comparable to values
determined in this study (Figure 13). Elevated concentrations occur in the years 2009 and 2010
of the Gorospe study at both the exit of the mine and Paguate Reservoir. Sediment values at both
locations for our study plot within the range of concentrations determined in the Gorospe study.
In addition, various plants are compared between this study and Gorospe. Most plants, with the
exception of grass, have similar U concentrations. Though, Gorospe plant and sediment U did
not correlate to stream U, the data in her study help to describe uranium mobility at a scale much
larger than this study.
Although aqueous chemistry in this study suggest that elevated concentrations of U are
present in the Rio Paguate, our data suggest that there is limited accumulation of U in sediments
from the stream bank and bed above the reservoir. Aqueous chemistry, sediment and plant
characteristics vary spatially and temporally across the Rio Paguate system. Uranium is
available at different concentrations in each of these components. Uranium in stream water near
the Jackpile mine is elevated at each of this study’s sites and is similar Gorospe’s value of 460
ug/L in 2010. A possible explanation for the limited uranium found in these sediments could be
due to the limited affinity of negatively charged uranyl carbonate complexes which are
predominant at pH 6.2- 8.7 (as shown in Table 3) do not adsorb to sediments which are high
contents of aluminum and silicates which could also have a negative surface charge.
Decreased flow velocity at the Paguate Reservoir may allow for heavy metals to settle out
compared to upstream conditions. Uranium may partition onto stream bed sediments in areas of
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the reservoir where there are finer grained sediments, such as clays and detritus which have a
different binding affinity to U compared to coarser grained material (Shang et al., 2011). Total
organic carbon concentrations (TOC) increase at wetland and reservoir areas (Sites 9 and 10) in
the months of November and February, which may help to explain the increase of U in sediments
(Figure 12). Stream bed sediments experience some of the highest U concentrations at the
wetland and reservoir areas (Figure 14). U in surface water samples do not directly correlate
with sediment U in either the bed or bank of the Rio Paguate. Though concentrations vary
through the months of November and February, stream U decreases at the wetland and reservoir
areas in both months, yet stream bed U relatively increases. Bed sediments collected in February
illustrate the same trend. Flow velocity at the wetland and reservoir areas decrease as water
spreads out and the Paguate Dam contains the water source.

Total Organic Carbon (mg/L)

14
12

Nov TOC

10

Feb TOC

8

Mar TOC

6
4
2
0
0

1

2

3

4

5
Site IDs

6

7

8

9

Wetland Paguate
area Reservoir

Figure 12. Total Organic Carbon (mg/L) at in November, February and March increase at
Wetland and Reservoir sites.
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Figure 13. Comparison of U concentrations of water (top), sediment (middle), and plants
(bottom) between this study and Gorospe (2013) at co-occuring sites (Exit of Mine and
Reservoir).
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Figure 14. Sediment U concentrations along the Rio Paguate at sites in Feb. 2015.
Plants
The soil rhizosphere is an important part of the soil horizon in which roots and soil
particles interact with ground water. These interactions impact the mobility of metals such as
uranium, and subsequent availability for physical and chemical reactions. Uranium
transportation through ecosystems via uptake by plants and animals is important for focusing on
the rhizosphere and the plant roots most interactive with the rhizosphere collected for this study.
Jacob and Otte (2003) describe the rhizosphere as the compartment of soil or sediment directly
influenced by the roots of plants.
The soil to plant transfer is governed by a number of environmental and chemical
conditions. The plants affect redox conditions, pH organic content of soil, which affect the
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mobility of the pollutants in soil (Jacob and Otte 2003). Wetlands are important for possibly
explaining the accumulation of uranium and can act as sinks for trace heavy metals (Sharma et
al., 2015). Wetland plants are also known to transport oxygen to the roots, which could
potentially increasing redox potential. Moreover, vegetation contributes to the organic matter
content of the soil through senescence, root tissue sloughing and release of organic acids, all of
which may directly or indirectly affect metal mobility (Jacob & Otte 2003).
The Gorospe (2013) study was conducted on a larger spatial scale and did not provide the
same resolution of data downstream of the Jackpile Mine needed in order to capture important
changes in metals and ion composition in the reservoir. Gorospe (2013) examines uranium
concentration in the Rio San Jose Watershed, which includes the Rio Moquino and Rio Paguate.
When matched with data points in our study, Gorospe only characterizes Sites 1 and 10 (RPG03
AND RPG04). Altogether, the data above and below our study area are still very useful for
characterizing the watershed.
Because methods significantly differ between the studies, the data from our study cannot
be accurately compared to any plant data in the Gorospe study. Plants collected by Gorospe
were double rinsed in deionized water and it is unclear what part of the plant was used for
analysis. Though similar methods are employed for cleaning and drying the plants, our study
was very deliberate in separating the plants into roots, stems and leaves. Assuming Gorospe
utilized the stems only, a comparison can be made from our February 2015 stems and samples
from the Gorospe 2010 sample points. Figure 13 compares plants most similar in both datasets.
The salt cedar stems of our study at Site 1 have a U concentration of 1.57 mg/kg, compared to
Gorospe’s 3.02 mg/kg value. The U concentration in grasses at Site 1 are significantly higher
than Gorospe’s value of 0.706 ppm. The same is true of comparable small trees. Finally, the
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cattail stems of our sample in Paguate Reservoir are lower than Gorospe’s value of 4 mg/kg. All
values from stem samples are less than 12 mg/kg.
Uranium accumulation in plant roots can be compared to co-occurring metals such as
Lead (Pb) and Cadmium (Cd). In addition to examining U concentrations in plants, Pb data
were also investigated in plant stems, roots and leaves. Both grasses and salt cedar exhibit the
same accumulation trends between roots and stems (Figure 15). Pb accumulates primarily in the
root system, suggesting that heavy metals in general are immobilized in the root structure of
these plants. Examining salt cedar in particular, a majority of Pb accumulated in plants is present
in the root structure (Kadukova et al., 2008). Salinity is important for Pb accumulation in salt
cedar, yet even at various salinity values, differences in Pb accumulation were not very
significant. Though Kadukova et al. did not examine U specifically, the findings of his study
related to Pb and Cd accumulation in plant roots serves as a foundation for this study.
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Figure 15. Lead (Pb) accumulation in a) grass and b) salt cedar plants.
Though phosphate was not measured in Rio Paguate plants, phosphate and sulfate are
nutrients that may behave similarly with respect to plant uptake in the presence of U. One
explanation for metals immobilization could be due to various complexes with uranium in both
the surrounding water and sediment near the roots. The chemical speciation of U largely
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influences the accumulation and translocation in plants contaminated by heavy metals (Laurette,
J. et al 2012). Though U mobilization in soils has been well explored, uptake of U by plants and
its relationship with U speciation remains unclear. In addition, root to stem translocation and
links to U speciation are seldom reported (Laurette et al 2011). Complexes with U accumulate
less than U the uranyl ion (UO2)2+. Complexation with phosphate reduces U accumulation in
plant roots and minimizes translocation to shoots and leaves.
Bioaccumulation and Translocation
The translocation factor (TF) and the bioaccumulation factor (BAF) were calculated for
all plants in the dataset to determine the degree of uranium accumulation along the Rio Paguate.
TF can be used as an indicator to assess mobility of U in plants and values below 1 are evident in
many of this study’s samples, suggesting that U is accumulating in the root system. In addition,
accumulation values (BAF) above 1 of this study’s plants also support these findings (Table 6).
Translocation or uptake of U from the plant root to stem can be measured by the ratio of U
concentration in the stem (Cs) over the concentration of U in the root (Cr):

The bioaccumulation factor (BAF) of U in plants is characterized as the ratio between the
concentrations of U in plant tissue over the concentration of U in the soil (USEPA, 2003):

Table 6 summarizes TF and BAF in both salt cedars and grasses. In addition, the root to
soil ratio is calculated for the same plants and many values are above 1.
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Salt Cedar
1
3
4
6

Translocation Accumulation
TF
BAF
Root:Soil
0.03
0.36
1.26
3.53
0.06
0.45
8.11
0.32
1.17
3.67

Grass
1

2.09

10

1.02

5.91

2.83

5
0.43
1.64
3.82
7
0.36
8
0.87
1.02
1.17
9
0.12
Table 6. Summary of Translocation, Accumulation and Root to Soil ratios for plants collected in
Feb15.
Dilution and Other Tributary Inputs
Tributary inputs in the form of surface runoff are likely not the main source of possible
dilution. Grants-Milan, located 30 miles west of Paguate, experienced 2 days of precipitation
(0.07 in) one week before the March 11, 2015 sampling event. The runoff in the area could
account for some of the elevated concentrations of U experienced in September. However, the
November sampling events were not characterized by the same precipitation regime before the
date of sampling. Little precipitation occurred in the month of November (0.01 in) with 11 days
between the precipitation event and sampling date. More than 10 days of no precipitation
occurred before the February sampling events and 8 days before the March event.
Sediment adsorption at the reservoir, complexation and plant uptake all likely contribute
to the decrease in aqueous U concentrations. The decrease could be also due to dilution from
tributary water sources. Large drainage channels are evident in a reclamation pile adjacent to the
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mine and there are many others likely in the system. Because recent discharge data for the Rio
Paguate is unavailable, the site visit in March including sample collection and measurement of
discharge at four points (Site 0, 1, 5, 7), helps to characterize any other inputs to the stream.
Groundwater is likely a source of input to the Rio Paguate and is explored further with
flux calculations. The resulting discharge values were used in combination with concentration
data of elements considered to be conservative tracers to calculate loading of U and tracers
between each reach. A mass balance of flow and concentration is represented by the below
equation. The discharge (Q) times the concentration(C) of the upstream conditions must equal
the flux (Q*C) of downstream conditions. Any changes within the reach must be accounted for
by some input into the system.

Table 7 (below) summarizes the flux values at three sections of the Rio Paguate in the
month of March. Reach M0-M1 loses 2.15% of its discharge, yet all tracers and U contribute a
positive flux input. Reach M1-M5 gains 1.43% discharge and a positive flux is experienced by
all parameters except specific conductance. Finally, reach M5-M7 loses 12.6% of its discharge
and notable amounts of Na, Cl and U. The positive correlation between discharge and flux may
be due to evaporation in the reach above the reservoir where the water starts to spread out. The
negative correlation between discharge and tracers in Reach M0-M1 may be due to the input of
U and salts from non aqueous sources near the mine, possible windblown from the reclamation
pile located only meters from the Rio Paguate.

Page 41

Reach

U (mg/s)

Na (mg/s)

Cl (mg/s)

SD (S/s)

Discharge Δ

Reach M0-M1

2.5301

2788.7

105.69

0.0112

-2.15%

Reach M1-M5

0.6400

1917.5

304.57

-0.0403

1.43%

Reach M5-M7

-0.7992

-8678.0

-254.27

0.0312

-12.60%

Table 7. Summary of calculated flux values between four sampling points in March 2015.

Concluding Remarks and Limitations
This study is limited by many factors, including the number of representative samples
collected, area survey and duration of study. Serving as a pilot study for further examination of
U mobility in the system, this study provides a snapshot of instantaneous data and should not be
used to make broad assumptions about the whole system.
The Jackpile Mine reclamation pile is a source of uranium contamination in the Rio
Paguate by chemical leaching. The mobility of U along the stream can be explained by a
combination of physical, chemical, and biological processes that include sediment uptake,
hydrology, plant uptake, and aqueous chemistry interactions. The results from this study suggest
that metals such as U and Pb can be uptaken by salt cedar plants, primarily in the root system,
and that translocation to the stems and leaves is minimal.
The concentrations of U in stream water do not directly correlate with the U in stream
bed sediments. However, U in sediments at the wetland and reservoir contain more U than in the
locations sampled upstream in this system, suggesting chemical incorporation of U to stream
sediments at these specific areas. The highest U concentrations during the duration of this study
and in historic data are experienced during monsoon precipitation in New Mexico (Figure 16).
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A recommendation for future work is to obtain replicates of salt cedar plants to further
evaluate if U uptake in the roots is reproducible in other plants. Another recommendation is to
expand this study to continue with a long term sampling program to further evaluate the effect of
seasonality on the fate of U.
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Figure 16. Comparison of Uranium Concentrations between historic USGS Data and
this study with average monthly discharge between the years 1976 and 1993.
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